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Severe mitral valve regurgitation (MR) is a heart valve disease that progresses to
end-stage congestive heart failure and death if left untreated. Surgical repair or
replacement of the mitral valve (MV) remains the gold standard for treatment of
severe MR, with repair techniques aiming to restore the native geometry of the
MV. However, patients with extensive co-morbidities may be ineligible for
surgical intervention. With the emergence of transcatheter MV repair (TMVR)
treatment paradigms for MR will evolve. The longer-term outcomes of TMVR
and its effectiveness compared to surgical repair remain unknown given the
differing patient eligibility for either treatment at this time. Advances in
computational modeling will elucidate answers to these questions, employing
techniques such as finite element method and fluid structure interactions. Use
of clinical imaging will permit patient-specific MV models to be created with
high accuracy and replicate MV pathophysiology. It is anticipated that TMVR
technology will gradually expand to treat lower-risk patient groups, thus
pre-procedural computational modeling will play a crucial role guiding clinicians
towards the optimal intervention. Additionally, concerted efforts to create MV
models will establish atlases of pathologies and biomechanics profiles which
could delineate which patient populations would best benefit from specific
surgical vs. TMVR options. In this review, we describe recent literature on MV
computational modeling, its relevance to MV repair techniques, and future
directions for translational application of computational modeling for treatment
of MR.

KEYWORDS

mitral valve, transcatheter mitral valve repair, computational modeling, finite element,
fluid-Structure interaction, patient specific model

1. Introduction

Severe mitral regurgitation (MR) is a heart valve disease that features retrograde flow of
blood from the left ventricle into the left atrium through the mitral valve, that can be
clinically identified as a systolic murmur at the apex of the heart with radiation to the left
axilla. MR is regarded as the most common valvular abnormality worldwide, with over
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2% of the total population estimated to have the condition (1-4).
The etiology of MR can be stratified by primary and secondary
causes. Primary MR is attributed to mitral annulus diseases (i.e.,
mitral annulus calcifications), along with direct structural
deformities of the mitral valve leaflets chordae and/or papillary
muscles due to degenerative, congenital, or infectious causes
(1, 5). Secondary MR, also known as functional or ischemic MR,
is generally a byproduct of left ventricular abnormalities or
remodeling, leading to changes to the annulus or papillary
muscles; however, functional MR can also be attributed to left
atrial disease (1). If left untreated, progression of the disease to
severe MR can contribute to extensive morbidity and mortality
from ensuing atrial fibrillation and congestive heart failure (5).

Due to the potential for heightened morbidity and mortality
from untreated mitral regurgitation, surgical management of MR
is pivotal for these patients. While medical management options
can be pursued for patients with lesser degree MR, the gold
standard for treatment of severe MR is surgical MV repair or
replacement.

2. Current strategies for surgical
intervention

While medical therapy alone has limited effect on overall
survival for patients with MR, the treatment of choice for MR is
surgical intervention (6). Mitral valve surgery can entail repair of
the valve, by which the surgeon can apply a variety of techniques
leaflet
annuloplasty ring placement to restore leaflet coaptation to

such as neochord placement, resection, and/or
eliminate regurgitation. Within the realm of mitral valve repair,
subdivided “respect”  vs.

approaches. The “respect” approach entails chordal replacement

techniques can be into “resect”
in which artificial neochord are used to address prolapsed
segments of affected leaflets, whereas the “resect” approach
leaflet

Annuloplasty ring placement possesses nuance in strategy as well,

involves removal of the diseased segment (7).
with closed and open annuloplasty rings both being used for
mitral valve repair. There have been equivocal findings on the
comparative functional efficacy and survival between the two
rings, but recent studies have suggested similar outcomes
types rings (8, 9). Valve

replacement remains the other surgical option by which the

between the of annuloplasty
entire valve is replaced with a mechanical or tissue-based
prosthesis. When mitral valve surgery is indicated, repair is
generally preferred over replacement when possible and can be
achieved in a majority of the cases by an experienced mitral
valve surgeon (10). An adequate repair of the mitral valve can
last the patient’s lifetime, provides optimal hemodynamic

function, and does not require the patient to be on

With  mitral
prosthesis may be prone to degeneration requiring future

anticoagulation. valve replacement, a tissue
reintervention or replacement while mechanical valves require a
patient to be on lifelong anticoagulation.

Current surgical strategies for mitral valve repair include the

traditional approach of an open surgical repair through either
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median sternotomy or minimally invasive surgical approaches
through mini-thoracotomy. Novel surgical techniques have been
increasingly used, such as transapical beating heart mitral valve
repair with the NeoChord system (NeoChord, Inc., St. Louis
Park, MN, USA). The use of NeoChord implantation has been
accompanied with feasibility and safety for patients presenting
with severe mitral regurgitation secondary to leaflet prolapse or
flail (11, 12). In addition, endovascular options have recently
emerged, termed transcatheter mitral valve repair (TMVR). With
catheter-based technology, endovascular repair of a mitral valve
can be performed with delivery of a clip recreating an edge-to-
edge repair to reduce regurgitation. This modern adaptation of
the edge-to-edge repair is derived from the Alfieri stitch, which is
a technique that features suture placement between the A2 and
P2 segments of the mitral valve (13). Thus far, there have only
been a few approved devices for this purpose, including the
MitraClipTM (Abbott Laboratories, Abbott Park, Illinois, United
States) and the Edwards PASCAL Transcatheter Valve Repair
System (Edwards Lifesciences, Irvine, California, United States).
Surgical mitral valve repairs have been shown to be durable
solutions to MR, as the reported rates of ten-year survival
freedom from reoperation varies from 72% to 90% (14). In
addition, there is often minimal residual regurgitation following
surgical repairs compared to TMVR (15); however, due to the
inherent nature of the surgery and need for cardiopulmonary
bypass, these repairs may be associated with greater risk of
morbidity and mortality compared to endovascular techniques
(16, 17).Thus, one advantage of TMVR is to offer a MV repair
option for patients at higher surgical risk particularly for older,
frail patients with multiple comorbidities (18). It has been
demonstrated that patients over the age of 80 that possess
significant cardiovascular disease, coagulopathy, and pulmonary
disease were shown to have up to a four-fold higher mortality
when undergoing surgical MV repairs compared to TMVR (19).
Mechanistically, there are differences between normal mitral
those
percutaneously. Surgical mitral valve repairs aim to reinstate the

valves, surgically repaired ones, and repaired
natural geometry of the mitral valve, whereas TMVRs are non-
anatomical solutions to MR, as the technique features the
implementation of clips that pinch the edge of the mitral valve
leaflets to restore proper coaptation. The mechanical effects of
MitraClip™ repair have been studied and increases in both
end-diastolic and end-systolic mitral leaflet stress have been
demonstrated following TMVR (20). These increases in mitral
leaflet stress and procedure-related strain in the sub-valvular
myocardium have been theorized to contribute to a
predisposition for recurrent MR following TMVR.

While patients that are suitable surgical candidates should
receive surgical MV repair and high-risk patients can be offered
TMVR, the question of how to address a gray zone of
intermediate-risk patients is a topic of ongoing study. A meta-
analysis by Oh et al. details comparative outcomes between TMVR
with MitraClip™ and surgery for MR, highlighting that TMVR
provides a similar safety profile at the expense of increased
residual MR and higher reoperation rates when compared to

surgery (15). Furthermore, a subset analysis of adjusted hazard
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ratios from studies that included randomized patient recruitment or
propensity-match scoring analysis demonstrated a nonsignificant
increase in overall mortality for patients that received MitraClip™
compared to surgical MV repair. Patients that received TMVR
possessed greater extent of co-morbidities, thus to achieve
nonsignificant increase in mortality speaks to the relative safety
advantage of TMVR for higher risk patients.

Several ongoing clinical trials are being undertaken with the
goal of understanding the outcomes for TMVR in select patient
populations. For patients with primary degenerative MR, the
randomized controlled PRIMARY trial is an international, multi-
center study assessing the long-term effectiveness and safety of
transcatheter edge-to-edge repair compared with surgical repair
over a ten-year period (Trial ID: NCT05051033). Primary
outcomes for this trial will include all-cause mortality, need for
MV reintervention, hospitalization rate for heart failure, and
onset of >3+ MR. The CLASP IID/IIF Pivotal Clinical Trial
demonstrated that the Edwards PASCAL Transcatheter Valve
Repair System (Edwards Lifesciences, Irvine, California, United
States) was noninferior to the Abbott MitraClipTM for major
adverse events in MR patients that are prohibitive risk for
surgery (Trial ID: NCT03706833). Multiple arms of the study
will examine populations with either degenerative or functional
MR. Comparative outcomes for this trial will include rates of
major adverse events, MR severity reduction, and rate of heart
failure hospitalization and/or mortality.

Many complexities exist in optimizing patient selection and
selecting the best option for MV repair when surgical vs. TMVR
options exist, especially for higher risk patients. The results from
the aforementioned trials will be instrumental in helping to
shape the role of TMVR for MR. Furthermore, tools to aid in
patient-specific analysis of MR disease with computational
modeling techniques may also prove to offer substantial guidance
for the optimal MR intervention options.

10.3389/fcvm.2023.1140379

3. Foundational work on
computational modeling for TMVR

Computational modeling provides an avenue of exploration to
cater individualized approaches to patients receiving TMVR/These
simulations are derived from patients-specific clinical imaging and
can provide a detailed understanding of the biomechanics of the
ventricle and stress/strain on the mitral valve leaflets. Advances
in imaging techniques now permit extremely high-fidelity
computational models to be created from patient-specific
anatomy. Computational modeling will be able to play an
of TMVR (pre-

intervention planning) and with assessment of valve geometry

important role in predicting outcomes

and function post-repair.

3.1. Finite element models

There has been extensive study in MV modeling using finite
element (FE) models to better understand the range of MV
pathology. FE models, which are based upon solid geometry
obtained from imaging can provide detailed information on the
stress and strain within a mechanical system. FE models are
comprised of three main elements: (1) geometry (anatomy
obtained from clinical imaging,) (2) boundary conditions
(pressures within chambers of the heart), and (3) material
properties (behavior ventricle myocardium and the MV leaflets).
A recent study utilized high-resolution magnetic resonance
imaging to assess the mechanical effects of TMVR on leaflet
stress and myocardial strain (Figure 1). While specific models
can be generated to depict the MV or left ventricle alone,
combined models of the mitral valve and left ventricle can now
be more readily created, which offers greater degree of replicating

FIGURE 1

(24).

Posterior
Leaflet

Finite element model of left ventricle and mitral valve apparatus (left) and mitral valve leaflets with six locations for possible MitraClip™ placement (right)

Anterior
Leaflet
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Subject 1
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S, Mises
(Avg: 75%)

FIGURE 2

Mises stresses at systole (24).

Mitral regurgitation models for two different subjects showing smooth particle hydrodynamics of regurgitation (upper row), and mitral valve leaflet von

the complex anatomic and physiologic relationship between them
as the MV apparatus’ papillary muscles are embedded within the
left ventricle. One method of generating human FE models
established by Ge et al. combined magnetic resonance imaging
with trans-esophageal echocardiography (21). Three-dimensional
MV
apparatus, while magnetic resonance imaging was used to
capture geometry and strain of the left ventricle. A study by

echocardiographic images were used to outline the

Zhang et al. featured FE models of functional MR using a sheep
model (20). It was found that application of MitraClip™
increased both end-diastolic and end-systolic MV leaflet stress,
leading to decreases in septo-lateral annular diameter and
appreciable changes in procedure-related radial strain in the sub-
valvular myocardium. Furthermore, these mechanical effects were
compounded by enlarged left ventricles, as leaflet stress and
procedure-related radial strain were increased during end-diastole
in these models. It could be postulated that these biomechanical
alterations from the clip may predispose to recurrent MR,
though further studies with longer duration follow-up will be
required.

3.2. Fluid structure interaction models
Fluid structure interaction models, which depict the interaction

between deformable structures and its internal fluid flow, have been
employed to imitate blood flow through the mitral valve and

Frontiers in Cardiovascular Medicine

surrounding left ventricle and to quantitate reductions in MR
following MitraClip™ placement (22). Blood flow was modeled
using smoothed particle hydrodynamics, and the number of
blood particles on the atrial side of the mitral valve was used to
approximate MR. These fluid structural interaction models have
described the effects of number and location of clips on
reduction of MR. This methodology has similarly been used to
assess the efficacy of clip implantation for tricuspid valve
regurgitation (23).

One utilization of both finite element and fluid structure
interaction models leverages an established atlas of shapes and
complex scenarios to make clinical decisions on MitraClip™
implantation (24). To compose the atlas, mitral valve geometrical
data was acquired from three different sources. Patients’ 3D
echocardiogram images were collected, and the pixel data from
six key points from three views of the imaging were utilized.
These coordinates were subsequently used to generate the
geometry by morphing a template geometry. In addition, the
dimensions of mitral valves from existing literature were used as
reference for morphological data. Lastly, additional geometric
images were created using principal component analysis and
generative adversarial networks. From the acquired images, finite
element (FE) software was used to simulate smoothed particle
hydrodynamics of TMVR intervention in various scenarios.
Results
interventions demonstrated that the location and number of clips

from these analyses of single- and multi-clip

have effects on residual MR and extent of leaflet stress. However,
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FE models require hours to generate outcomes which may not be
efficient in the clinical setting, and thus, the authors suggest that
this atlas should be further explored with artificial intelligence
models that can provide results in seconds.

4. Clinical utility of biomechanics and
computational modeling for TMVR

In present clinical practice, location for MitraClip™ placement
on the MV leaflets is primarily based on echocardiographic
localization of the regurgitation jets. Advancement and greater
translational use of computational modeling can help create new
methods for pre-procedure clinical assessment. Computational
modeling shows strong promise to play a role in shaping
decision making algorithms surrounding surgical repair vs.
TMVR, pre-procedural planning with the number and location
of device placement in TMVR, and the creation of large atlases
containing populations of MV geometries pre and post repair,
linked to clinical outcomes, in order to optimize patient selection
for TMVR vs. surgical repair.

Patient comorbidities play a significant role in determining
whether to offer surgical MV repair vs. TMVR. Open surgical
repair is associated with greater morbidity and mortality but can
usually offer a durable, long-lasting repair. The Achilles heel of
TMVR is the risk of incomplete treatment of MR and recurrent
MR (17, 25, 26). While it may vary by institutional practice, in
with risk  will be
recommended for surgical MV repair, while patients with high

general, patients acceptable  surgical
or prohibitive risk for surgery will be advised to receive TMVR
(27, 28). However, there are still questions about which approach
should be offered to patients of intermediate risk. When having
this pre-procedure discussion regarding surgical repair vs.
TMVR, patient-specific models MV and left ventricle geometry
can be generated to compare the most optimal outcome that
could be afforded by each intervention. In particular, FE models
can be constructed to provide detailed information on valve and
The

configuration that would offer greatest reduction in MR, while

myocardial ~ stress. surgical repair anatomy or clip
minimizing regional peak stress on the valve apparatus and left
ventricle can be simulated. This valuable information may help
guide risk and benefits discussion surrounding the decision to
recommend surgery or TMVR for certain patients.

Through larger scale studies of patient-specific MV geometries
and intervention, we can now accrue populations of MR anatomy
and intervention results termed an “atlas.” In addition to offering
greater amounts of data on the biomechanics, the interventions
and clinical outcomes, these atlases will help reduce the time
needed to provide clinical answers to the team of cardiologists
and cardiac surgeons evaluating an MR patient. Currently, a
limitation of computational modeling technique in the clinical
setting is the labor-intensive process required to generate
accurate patient-specific models. Often, a single model may take
up to 10-20 h of work by an experienced user, and may require
several iterations of fine tuning to provide accurate results (19).

However, progress is being made with the development of
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generic geometry model templates of the MV and left ventricle
that can be rapidly morphed to match patient-specific anatomy.
We envision a clinical paradigm whereby the creation of the
simulation of patient-specific geometry can be done with a semi-
from  clinical

automated process

(echocardiography or cardiac computed tomography or magnetic

directly imaging
resonance). As cases are accrued, the creation of an established
atlas can allow a new patient-specific scenario to be matched to a
similar or most-similar subset of cases to provide results of the
outcome in an expedited manner. This could eliminate or reduce
the need for de-novo simulations in many cases. Specific cases of
rare anatomic variants or special circumstances that have few
similar prior comparisons would prove to be the exception. This
atlas will reduce the amount of time to obtain clinical
meaningful results to help guide the cardiologists and cardiac
surgeons on the decision to recommend TMVR or surgical
repair, and would also hold valuable research potential.

5. Conclusion

Severe mitral regurgitation is a heart valve disease that leads to
significant morbidity and mortality if left untreated. Current
interventions include mitral valve repair through open or
minimally invasive surgical repair or transcatheter mitral valve
repair with technology such as the MitraClip™. Advances in
computational modeling with the finite element method and
fluid-structure interaction provides promising tools to facilitate
patient selection for TMVR and for optimizing MR treatment
outcomes. A large atlas of pathologies and biomechanical
characteristics of MR scenarios can be established to help
distinguish which patient populations should receive TMVR vs.
surgical MV repair. Future clinical trials comparing outcomes
using computational model aided decisions for procedural
planning compared to current clinical practices for MR
intervention will be needed. The present state of computational
modeling techniques and the increasing ability to generate
it to
significantly to our understanding of MR pathophysiology and

accurate patient-specific models position contribute

optimal intervention strategies.
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